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ABSTRACT
The low temperature (0.5–55 K) conduction of semicontinuous gold film vacuum deposited
at T ≈ 50 K is studied. The film is near the percolation threshold (thickness 3.25 nm). Its
resistance is extremely sensitive to the applied voltage U . At low enough U the film behaves as
an insulator (two-dimensional granular metal). In this state the dependences R(T ) ∝ exp(1/T )
(for T ≤ 20 K) and R(U) ∝ exp(1/U)) (for T ≤ 1 K and U > 0.1 V) are observed. Magne-
toresistance (MR) is negative and can be described by ∆R(H)/R(0) ∝ −H2/T . This negative
MR which manifests itself for nearest-neighbour hopping is rather uncommon and, up to now,
has not been clarified. The possible mechanisms of such case of negative MR are discussed.
1. INTRODUCTION
For the last 20 years the significant progress has been achieved in understanding of transport
properties of electrons in granular metals (GM) [1-4]. In general case GM represents a random
mixture of metal and insulator, i.e. percolating system. In this connection the conduction of
GMs is determined in an essential degree by the ratio of the metal volume fraction p and the
critical fraction pc (percolation threshold). Three regimes of electron conduction are distin-
guished [1, 4]: (1) Metallic regime (p > pc). (2) Dielectric regime (p < pc). (3) Transition
regime (p ≃ pc). In the dielectric regime the conduction of GMs is by a hopping mechanism
in which the charge carriers are transported from one metal grain to another via thermally-
activated tunnelling. It is assumed [4], that in GMs both the nearest-neighbour hopping (NNH)
and the variable-range hopping (VRH) [5, 6] are possible.
Because of the activated tunnelling of electrons between grains, the GMs are not classical
percolation systems. Sufficiently strong external influence on the probability of activated tun-
nelling can result in essential change of percolating and conducting properties of GMs. Such
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influence can be exerted by an applied electrical field F . For example, in [7, 8] the pronounced
variations of conducting properties of In and Bi granular films under the influence of changing
in F was found. The results of these investigations can be considered as the evidence of strong
effect of an electrical field on the degree of electron localization in grains. It gives the reason
to expect under certain conditions the occurrence of metal-insulator transition (MIT) in GMs
under the change of F . In the present work we report on detection of such kind of transition in
discontinuous gold film near the percolation threshold.
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It may be assumed that in dielectric
regime the external magnetic field must also exert noticeable influence on the probability of
activated tunneling between grains. In this connection it should be point out the very interest-
ing results of work [9] in which the negative magnetoresistance (MR) in the NNH conduction
for the bulk GM was found. Such case of negative MR for insulators is unusual, and its nature
has not been clarified till now.
Ultra thin discontinuous gold films near the percolation threshold were used as the objects of
research. The films with sheet resistance R✷ about 10 kΩ were prepared by vacuum deposition
onto a cold substrate (≃ 50 K). The conduction of films with the above-mentioned values of
R✷ has appeared to be rather sensitive to the applied voltage U . At low enough temperatures,
decreasing the magnitude of U , we had the opportunity to transfer films from metallic to
dielectric regime of conduction. Such transition, besides the essential change of temperature
dependences of resistance, is accompanied by the change in the sign of the MR (from positive
to negative). The observed transition from the dielectric to the metallic regime of conduction
with increase in U is caused by the influence of electrical field on the probability of electron
tunnelling between metal grains (percolation clusters). Same as in work [9] we found that
negative MR of the investigated film in the dielectric regime has manifested itself in the NNH
conduction. We found however the significant distinction from work [9] which will be discussed
below. The results obtained can be used for the development of theoretical models of this
interesting phenomenon.
The main aim of our paper is to represent and discuss the peculiarities of observed negative
MR in NNH conduction. But for better understanding of properties of investigated system we
will shortly describe also its conduction behavior in dielectric regime and main peculiarities of
transition from dielectric to metallic state in high enough electrical field.
2. EXPERIMENTAL PROCEDURES
The preparation of percolation gold films and the measurement in situ their conducting
properties were carried out in a high-vacuum cryostat with 3He and superconducting solenoid.
In the following the properties of one of the investigated films are described.
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This film with
effective thickness L ≈ 3.25 nm (determined with use of the quartz-crystal monitor) was de-
posited at the pressure ≈ 10−6 Pa onto a substrate of a single-crystal sapphire with deposition
1For two-dimensional systems p is the metallic surface coverage.
2The similar behavior of conductivity was characteristic of other investigated by us gold films, prepared under
conditions described in the present paper.
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rate 0.015 nm/s at substrate temperature ≃ 54 K. The purity of initial material was 99.99 %.
Immediately after preparation the film had resistance R✷ ≃ 4.87 kΩ at U ≃ 10 V. For stabi-
lization of the film structural state it was heated to T ≃ 63 K, then its resistance has decreased
to R✷ ≃ 4.5 kΩ. The film sizes were: 2 × 0.1 mm. The conduction of the film was studied
by means of recording of voltage-current characteristics (VCC) at various temperatures (in the
range 0.5–55 K). In the process the source of a stabilized voltage was used which allowed to
change the voltage U in the range from 11 to 0.001 V. In addition to the VCC records, the
measurements of MR in a perpendicular magnetic field H with magnitude up to ≈ 4.5 T were
made.
3.RESULTS AND DISCUSSION
3.1. Conduction in dielectric regime
The conductivity of the film was essentially non-Ohmic. The temperature variations in R
at low U and voltage variations in R at low T were exponentially great. At the same time at
large values of U and T the variations in resistance are quite small. At small U (≤ 0.05 V) the
temperature dependence R(T ) corresponds to simple exponential dependence
R(T ) ∝ exp
(
E0
kT
)
, (1)
where E0 ≃ 1.7 meV (curve 1 in Fig. 1). As the applied voltage U increases the functional
dependence (1) remains true in some temperature range, but resistance variations are no more
exponentially high (curves 2 and 3 in Fig. 1). The simple dependence (1) (Ahrrenius law)
signifies that for investigated film the NNH conduction in dielectric regime takes place. At
sufficiently low temperatures (T < 1 K) identical simple exponential dependence R(U) takes
place:
R(U) ∝ exp
(
U0
U
)
, (2)
where U0 ≃ 2 V (curve 1 in Fig. 2).
As the voltage U increases the temperature dependence R(T ) becomes weaker and at large
enough voltage U ≈ 10 V in the range 5-55 K it corresponds approximately to the relationship
∆R(T ) ∝ lnT . The logarithmic dependence of this kind is consistent with the weak localization
(WL) and electron-electron-interaction (EEI) effects in two-dimensional (2D) systems [10, 11].
The results obtained testify, thus, that the transition from the dielectric to the metallic
regime of conduction occurs in the investigated film as the applied voltage increases. As this
takes place the resistance R✷ decreases from ≃ 10
7 Ω to ≃ 5 · 103 Ω. Along with the change
of the temperature dependences of resistance this transition is accompanied by the change of
the nature and the sign of the MR (Fig. 3). For low-Ohmic states (R✷ ≤ 12 kΩ) at rather
high voltages (≥ 5 V) the MR was positive. It is well known [12, 13, 14, 15], that gold films
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in the regime of WL have positive MR, caused by the strong spin-orbit scattering which is
characteristic of gold. We have confirmed that it is also true for low-Ohmic states of the film
investigated. To do this we have compared the experimental MR curves with the appropriate
theoretical expression [10, 11] and found a good agreement. At doing so we took into account
the percolating nature of our film by considering the magnitude of sheet resistance R✷ as a fit
parameter (s. [13, 16]).
Thus the MR behavior of the investigated film at rather high voltage (> 5 V) is consistent
with the WL effects in percolating 2D systems. As the voltage is decreased the dependence R(T )
became stronger (Fig. 1) and approached the exponential dependence (1), i.e. the transition in
the dielectric regime of conduction occurred. This transition is accompanied by the change in
the sign of MR from positive to negative (Fig. 3).
The observed R(T ) and R(U) dependences [the Eqs. (1) and (2)] are in agreement with the
current concept of GM conduction in the dielectric regime. It is experimentally established,
that the temperature dependences of conductivity σ in this regime have the following form:
σ ∝ exp(−1/T α), where α takes different values within the limits 0.25–1.0 [4]. All these depen-
dences have theoretical explanations [1–4] which are based on the assumption that the hopping
conduction is determined by the joint contribution of two processes: tunnelling and thermal
activation. The case α = 0.25, for example, is attributed to VRH. The simple exponential
dependence R(T ) ∝ exp(1/T ) (α = 1) observed in our study corresponds to the NNH.
The observed voltage dependence (2) (Fig. 2) also corresponds well to the theoretical de-
pendence σ(U) for GMs in the dielectric regime at sufficiently strong electrical fields F and low
temperatures [1, 17]:
σ ∝ exp
(
−
χφi
eF
)
, (3)
where χ = h¯−1(2mφi)
1/2 (m is the electron mass, φi is the effective barrier height), χ
−1 is decay
length of electron wave function in dielectric. The Eq. (3) is correct only in the moderate fields
(eFs≪ φi, where s is the tunneling distance). In this case the electrical field affects the form
and reduces the effective height and width of a potential barrier between grains, but electrons
remain localized in grains. In sufficiently large fields electron is emitted as a free particle in
dielectric layer between grains (direct field ionization) [17]. In the strong-field limit electrons
can become nearly free (the probability of tunnelling is close to unity). In our opinion it is
this effect of electrical field on the tunnelling probability that is responsible for the observed
transition from the dielectric to the metallic regime of conduction in the gold film as the applied
voltage is increased.
It follows from our data that not only the increase in applied voltage but also the increase in
temperature can result in transition in temperature dependences of resistance from dielectric
to metallic regime of conduction. The general (and, we hope, obvious) picture of influence of
T and U is presented in Figure 4. It can be seen that in such representation the equiresistance
lines are nearly symmetrized with respect to logarithmic scales of T and U . The horizontal
4
shading marks the region of positive MR (in remaining part the negative MR takes place). The
vertical shading marks the region where the relation (1) is true. Therefore the negative MR
occurs in the region where the Arrhenius law (1) holds (and also in adjoining not shaded region,
which corresponds to the transition or intermediate regime between the dielectric and metallic
regimes).
It can be seen from Fig. 4 that low-Ohmic (< 104 Ω) states of investigated film can be
attained by ways of the increase of temperature (up to T ≥ 20 K) or the increase of applied
voltage (U ≥ 2 V). In the first case the transition occurs from activated to non-activated
tunnelling when the thermal energy kT becomes comparable or larger than the activation
energy E0 [see Eq. (1)]. The mechanism of applied voltage influence on the resistance was
discussed above.
3.2. Magnetoresistance in the nearest-neighbor hopping conduction
We have noted above that the MR is negative in dielectric regime. At rather low U the MR
is described by the following square-law dependence: ∆R(H)/R = −A(T )H2 (Fig. 5), where
A(T ) ∝ 1/T n, n ≈ 1 (Fig. 6). Therefore the influence of a magnetic field on resistance can be
given by
∆R✷(H, T )
R✷(0, T )
= −B
H2
T
, (4)
The negative MR in the dielectric regime of conduction was revealed in our investigation in
the NNH conduction. This is testified by the temperature dependence of conductivity of the
investigated film, which is described by the Arrhenius law (Fig. 1), and the exponential voltage
dependence R(U) ∝ (1/U) at low enough temperatures (Fig. 2).
Previously the negative MR in the NNH conduction had been observed in [9] in the three-
dimensional GM (composite systems from Al and Al2O3 powders). It was found in this work,
that ∆R(H) ∝ −H (i.e. the linear dependence on H), but the temperature dependence of MR
was not determined. For the investigated percolation gold film we have found the square-law
dependence on H and have determined the temperature dependence (see Eq. (4)).
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For an explanation of negative MR in hopping conduction the interference models [18, 19, 20,
21] are widely used. This approach is based on the considering of the interference of multiply
scattered tunneling paths in hopping probability with taking into account the scattering events
on the intermediate impurities. The consideration of papers [18, 19, 20], however, is restricted
to the VRH, so that their results are not directly applicable to our experimental data. The
prediction of model [21] (∆R(H) ∝ −H2/T in conditions of fulfillment of the Arrhenius law
R(T ) ∝ exp(1/T )) formally is in complete accordance with our results. This model is developed,
3We can not properly compare our results with that of [9] since the system studied in that work has (in
contrast to our film) very small grain size (diameter is about 3.5 nm) and the negative MR was investigated
only at high temperatures (at T = 77 K and 293 K).
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however, for lightly doped semiconductors, and it remains unclear, how far it is applicable for
the GMs.
We can point out also other two relevant theoretical models [22, 23] of negative MR in NNH
which could be taken into account at explanation of our results. In the framework of Hubbard
model the following mechanism of negative MR in NNH conduction is possible [22]. When
magnetic field is applied, the electron spins tend to be parallel to the direction of the field
owing to the Zeeman effect and hence be parallel to each other. The electron correlation effect
is less for the electrons having parallel spins. As a result, the localization length increases with
magnetic field. This theory (as was pointed out in [22]) can be applied to GM with small grains,
in which the electron energy level separation is large (about 100 K). Such level separation can
take place in grains with size of a few nanometers. For this reason we beleive that model [22]
can not be applied to our film which is near the percolation threshhold and has rather large
grains.
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May be more suitable, in our opinion, is the model [23] of the negative MR in GM with large
metal grains and near the percolation threshold (i.e. for the case of small distances between
energy levels in grains). The occurrence of negative MR in this model is supposed to be due to
the influence of the magnetic field on electron orbital motion, with the result that the change
of electron wave functions on the Fermi level occurs. It can lead to the increase of the overlap
of wave functions in neighbor grains and, therefore, to the increase of hopping probability. The
initial prerequisites for model [23] (large grains and the proximity to the percolation threshold)
correspond to the system investigated in our work. The work [23] is, however, only a “prelude”.
In it only the case T = 0 is considered and the form of R(H) dependences is not determined.
The nature of the negative MR in GM in NNH conduction remains, thus, actually unknown. We
hope, that the experimental results obtained in the present work will promote the development
of theoretical models of this interesting phenomenon.
CONCLUSION
The transition from metallic to dielectric regime of conduction has been found for discon-
tinuous gold film at decreasing the electrical field, applied to the sample. The transition is
accompanied by the change of the sign of the MR from positive to negative. The negative MR
of the film investigated in the dielectric regime manifests itself for the electron hops between
the nearest neighbours. The nature of this effect remains unknown. The results of the work
can be used for the development of theoretical models of this interesting phenomenon.
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FIGURE CAPTIONS
Fig. 1. lnR versus 1/T at U = 0.05 V (1), 0.10 V (2), 0.2 V (3), 0.5 V (4), 1.0 V (5).
Fig. 2. lnR versus 1/U at T = 0.51 K (1), 2.0 K (2), 4.0 K (3), 7.0 K (4), 10.0 K (5).
Fig. 3. The relative variation of resistance in magnetic field at T = 5 K. The curves correspond
to U = 5 V (1), 2.5 V (2), 2.0 V (3), 1.5 V (4), 1.2 V (5), 1.0 V (6), 0.8 V (7), 0.5 V (8).
Fig. 4. The general picture of influence of T and U on film resistance. Bold lines correspond to
the resistances R✷ = 1× 10
7 Ω (1), 1× 106 Ω (2), 1× 105 Ω (3), 1× 104 Ω (4). Thin lines
(between bold ones) represent the intermediate values of resistance 2 × 10n and 5 × 10n
where n = 4, 5, or 6. Upper thin line corresponds to R✷ = 5 × 10
3 Ω, lower one — to
2× 107 Ω.
Fig. 5. The −∆R(H)/R as a function of H2 at T = 3 K (1), 4 K (2), 5 K (3), 6 K (4), 7 K (5), 8K
(6), 10 K (7), 12 K (8). For each temperature these dependences correspond to the minimal
value of applied voltage U . The lines correspond to the relationship −∆R(H)/R ∝ H2.
Fig. 6. The dependence A = f(1/T ). The function A(T ) describes the temperature dependence
of MR of investigated film in accordance with the expression ∆R/R = −A(T )H2.
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